Epitaxial lead lanthanum zirconate titanate [PLZT(9/50/50)J thin films were fabricated on various single crystal substrates using the spin coating of metallo-organic solutions. The films were heat-treated at 700 °C for 1 h using the direct insertion method. The films were epitaxially grown with (100), (100), and (110) being parallel to the SrTiO 3 (100), the MgO(100), and the sapphire (0112) substrates, respectively. The epitaxy of the films was investigated using x-ray diffraction, pole figures, rocking curves, and scanning electron microscopy.
I. INTRODUCTION
Much attention has been paid recently to lanthanummodified lead zirconate titanate (PLZT) solid solution systems which are well-known ferroelectric materials.
1 " 13 Because PLZT is transparent in the visible and the near infrared region of the electromagnetic waves and has excellent dielectric and electro-optic properties, it is a candidate material for electronic and electro-optic applications. Recently, thin films of PLZT materials have attracted much interest for fabricating novel functional devices, such as thin film capacitors, ferroelectric random access memories (FRAM), optical waveguide modulators, display, and other electro-optic devices. 6 " 9 Early work on the fabrication of PLZT thin films was mainly based on vacuum deposition techniques such as sputtering and evaporation. Ishida et al. 10 succeeded in the epitaxial growth of PLZT thin films on SrTiO 3 , GaP, GaAs, and c-plane sapphire substrates using rf magnetron sputtering. Although vacuum deposition techniques are powerful methods for the epitaxial growth of the PLZT thin films, they have a serious problem which occurs due to the processing complexity of multicomponent systems. Recently, chemical sol-gel processing of the PLZT thin films has been reported. 1 ' 2 ' 4 ' 12 ' 13 The sol-gel method is one of the most important techniques for fabricating ceramic thin films since it provides a high-purity, low temperature synthesis and, especially, a precise composition control.
Baringay and Dey
12 classified epitaxial films according to three types: (1) highly oriented polycrystalline films consisting of a complete z-axis orientation and a random orientation in the x-y plane, (2) crystalline films with a single crystal-like texture consisting of a complete z-axis orientation and low angle grain boundaries in the x-y plane, or (3) truly single crystalline films. The oriented polycrystalline thin films may have both high and low angle grain boundaries. The single crystalline thin films have no grain boundaries except for other defects such as twins, stacking faults, and dislocations to relax the stress between the film and the substrate.
The epitaxial growth mechanism of the sol-gel film is much different from that of rf sputtered and chemical vapor deposited films. The latter are grown in situ with the following mechanisms: condensation of vapor atoms and ions on the substrate surface, nucleation, and growth. The nucleation initiated on the surface of the substrate having lattice match with the film leads the epitaxial growth. In the case of the sol-gel process, the epitaxial growth is related to the crystallization of the solid amorphous film prepared by coating and drying. Generally, the epitaxial growth in the sol-gel amorphous film is more complicated and difficult than that in vacuum deposition techniques, because the nuclei form not only at the interface between the film and the substrate, but also at the film surface and/or on impurity particles in the film. The nuclei formed at the film surface or on the impurity particles have a random orientation and inhibit the epitaxial growth of the film. Therefore, it is desirable that most nuclei be formed at the interface between the film and the substrate; the lattice of the substrate should match with the film in order to obtain epitaxial or nearly epitaxial films.
Recently, we have succeeded in the epitaxial growth of PLZT thin films prepared by the sol-gel process. This paper describes a procedure for the fabrication of epitaxial PLZT thin films. The film quality was investigated using x-ray diffraction, pole figures and rocking curves, and by SEM characterization. Figure 1 4 } were used as precursors. The solution composition was PLZT(9/50/50) consisting of 5 mole % excess Pb. 2-methoxyethanol (CH 3 OCH 2 CH 2 OH) was used as a solvent to facilitate the dehydration by boiling because it boils at 125 °C. Nitric acid was used as a catalyst. Pb and La acetate were dissolved in methoxyethanol on heating for 1 h to decrease residual water. The dehydrated solution was cooled to 90 °C, and the 2-methoxyethanol solutions of Zr «-propoxide and Ti isopropoxide were added. The solution was again heated at 125 °C for 2 h to be redistilled, and then refluxed for 10 h. The final concentration of the solution was adjusted to 0.8 M by either the removal or the addition of 2-methoxyethanol. The stock solution was cooled down to room temperature and used in the sol-gel process. A precursor solution for the thin films was prepared by mixing an equal volume of the stock solution and the 2-methoxyethanol solution consisting of water (r w = 0.5) and nitric acid (0.04 M).
II. EXPERIMENTAL PROCEDURE
The selection of the substrate is very important for the epitaxial growth of the thin film, because the lattice parameter and the crystal structure matching between the film and the substrate drastically affect the growth behavior of the film. The substrates used in this study were MgO(100), SrTiO 3 (100), and r-plane sapphire. The crystal structure and the thermal expansion coefficients of PLZT(9/50/50), SrTiO 3 , MgO, and sapphire are shown in Table I . SrTiO 3 has the same perovskite structure as PLZT, and its lattice constant is 3.905 A at room temperature. The lattice mismatch between SrTiO 3 and PLZT is 2.3%. MgO has an NaCl structure with a lattice constant of 4.203 A. The lattice mismatch between MgO and PLZT is 3.8%. Sapphire has a corundum structure with lattice constant of a = 4.76 A and c = 13.0 A.
Prior to the coating, the substrates were thoroughly polished and cleaned. Mirror-polished SrTiO 3 (100) and r-plane sapphire wafers were used. MgO(100) wafers were cut from a bulk single crystal MgO in the volume ratio of 1 0 : 1 : 1 . Organic contaminations were removed in boiling trichloroethylene for 5 min. The substrates were then rinsed in acetone, ethanol, and distilled water and dried with nitrogen. This cleaning procedure was found to improve the film quality and the epitaxy. Thin films were deposited by spin-coating the precursor solution at 3000 rpm for 30 s and then drying at 390 °C for 5 min. This procedure was repeated until a desired thickness (approximately 0.45 /um) was obtained. The thickness of a single layer after drying was about 50 nm. The films were directly inserted in a furnace to 700 °C and annealed for 1 h.
The phases and orientation of the PLZT film fabricated on various substrates were examined using x-ray diffraction (XRD) patterns. Pole figures and x-ray rocking curves were measured to study the film orientation. The microstructure and the thickness of the films were observed using a scanning electron microscope (SEM).
III. RESULTS AND DISCUSSION
X-ray diffraction patterns of the PLZT thin films fabricated on various single crystal substrates are shown in Fig. 2 . The XRD pattern of the film fabricated on an SrTiO 3 (100) substrate [ (Fig. 2(a) ] shows only (100), (200), and (300) peaks, indicating that PLZT films were Fig. 2(b) ] shows small extra peaks of (110) and (111) erentially (or nearly epitaxially) on the MgO substrate. The XRD pattern of the film fabricated on an r-plane sapphire [ Fig. 2(c) ] shows only (110) and (220) peaks, indicating that the PLZT film was grown epitaxially on the r-plane sapphire substrates.
The pole figures are especially useful in determining the epitaxy in a relatively large area (slit size: 2 mm X 6 mm). Although TEM with the electron diffraction is a powerful method for examining the epitaxy of various thin films, it does not provide us with direct evidence of a large area of epitaxy and takes time to gather data representative of a large area. Another merit of the use of pole figures is that the type of the epitaxy may be analyzed. The type of the epitaxy cannot be analyzed using either the XRD or the high resolution TEM. Figure 3 shows the pole figures obtained at 26 = 38.2° [(111) plane] for the PLZT film fabricated on various single crystal substrates. The film fabricated on the SrTiO 3 (100) substrate shows four sharp contours of PLZT(lll) poles coupled with their narrow intensity distributions. The measured angle between four (111) poles and (100) plane is about 54.7°, corresponding to the calculated value. The measured angle between neighboring (111) poles is about 70.5°, corresponding to the calculated value. These results indicate unambiguously that the PLZT thin film grew epitaxial on the SrTiO 3 substrate and has an x-y plane orientation that is parallel to the surface of the substrate [type (2) or (3)]. The film fabricated on MgO(lOO) substrate has strong pole contours similar to the film fabricated on the SrTiO 3 (100) substrate and unknown weak four pole contours, indicating that the quality of the epitaxy is not good compared to the film fabricated on the SrTiO 3 substrate. In the case of the film fabricated on the r-plane sapphire, the sharp contours of PLZT(lll) and sapphire (2131) poles are seen in Fig. 3(c) . The measured angle between two (111) poles and (110) plane is about 35.3°. The measured angle between two (111) poles is about 70.5°. Both measured angles correspond to the calculated values. The pole figure of the film fabricated on the sapphire substrate indicates that the film consists of an x-y orientation being parallel to the surface of the substrate [type (2) or (3)].
The preferred alignments of the films fabricated on various substrates were further investigated using x-ray rocking curve measurements. The rocking curves for the PLZT(100) fabricated on the SrTiO 3 (100), the PLZT(IOO) on the MgO(lOO), and PLZT(llO) on the r-plane sapphire are shown in Fig. 4 . The observed relatively high intensity levels at the extreme values through which 6 was rocked suggest that the alignments were limited. The full-widths-at-half-maximum of the x-ray rocking curves are 1.2, 6.0, and 1.8° for the films fabricated on SrTiO 3 , MgO, and sapphire, respectively. From the above results, it may be speculated that the PLZT films fabricated on the SrTiO 3 and the sapphire substrates consist of considerably better alignment than that on the MgO substrate.
The films were initially amorphous as fabricated by coating and drying in the sol-gel process. The crystallization occurred in the amorphous films during the heat treatment. The nuclei may have formed at the interface between the film and the substrate, at the film surface, and/or at the surface of impurity particles. Heterogeneous nucleation at the film surface and at the surface of impurity particles would cause the formation of the randomly oriented grains in the film. Heterogeneous nucleation at the interface between the film and the lattice-matched substrate would lead to the formation of highly preferred oriented and/or epitaxial thin films. Yoon et al. 13 claimed that the perovskite grains were formed preferentially by heterogeneous nucleation occurring at the interface between the film and the substrate. But they also observed that a relatively small amount of the heterogeneous nucleation occurred at that film surface. Although the heterogeneous nucieation at the interface between the film and the substrate is thermodynamically favored over the other nucleation mechanisms, all nucleation processes kinetically compete with others. Therefore, a proper processing condition should be sought in order to maximize the heterogeneous nucleation at the interface between the film and the substrate. This may be achieved by raising the crystallization temperature.
14 The processing temperature used in this study was 100 °C higher than the temperature used in Ref. 13 . Figure 5 shows SEM images of the microstructures of the PLZT thin films fabricated on various substrates. The surface of the film fabricated on the SrTiO 3 substrate [ Fig. 5(a) ] is smooth and apparently free of grain boundaries. It has no voids or cracks. The films fabricated on the MgO and the sapphire substrates [Figs. 5(b) and 5(c)] also show smooth surfaces. Features showing dark contrast were observed in the microstructures of the three films. They appear to be second phases, but EDXS analyses could not differentiate the composition of the feature from that of the PLZT matrix due to the lateral resolution limitation. The nature of the features is being studied using TEM, and the results will be published in a separate paper. confirm a stable light propagation in the film without light scattering. This study indicates that the epitaxial PLZT thin film fabricated in this study may be an excellent candidate for electronic and optical applications. The electrical and optical characteristics of the thin film are under study and will be published in following papers.
IV. SUMMARY
Epitaxial lead lanthanum zirconate titanate [PLZT(9/50/50)] thin films were fabricated on various single crystal substrates using the sol-gel process. The films were heat-treated at 700 °C for 1 h using the direct insertion method. The thin films fabricated on the SrTiO 3 (100) and r-plane sapphire substrates grew epitaxially to (100) and (110) orientations, respectively, and have a single x-y orientation parallel to the surface of the substrate [type (2) or (3)]. The film fabricated on the MgO(100) substrate grew preferentially to (100) orientation. From the results of x-ray rocking curves, it was confirmed that the film fabricated on the SrTiO 3 (100) substrate has better orientation and crystal quality than those fabricated on the MgO(100) and r-plane sapphire substrates.
